Abstract On a daily basis, one perceives whether an object affords grasping with one hand or with both hands. In experiments in which differently sized objects of a fixed type have been presented, the transition from using one manual mode to the other has depended on both the ratio of object size to hand span and the presentation sequence-that is, size increasing versus decreasing. The transitions and their observed hysteresis (i.e., a transition ratio larger for the increasing sequence) can be accommodated by the order parameter dynamics typifying self-organizing systems. Here, we show that hysteresis magnitude depends on (a) the interaction between the attractors (one hand vs. two hands) and (b) the strength of the two-hands attractor. Through modeling and experimental results, we extend the investigation of affordance perception within dynamical-systems theory.
amplitudes, which tell us whether a particular mode out of the set of possible modes is present or absent (see Fig. 1 ). Haken (1988 Haken ( , 1991 argued that the amplitude equations alone form a closed description of the system. In the Bénard instability in fluid dynamics, for example, where a thin layer of fluid is gradually heated from below, convection roll patterns spontaneously emerge in the fluid due to temperature differences. The modes of this system are the roll patterns of certain orientations and wave length (i.e., measure for characterizing the "width" of a convection roll). Roll patterns that have the same "width" but differ in orientation compete with one another; however, only one of the competing patterns emerges. In this sense, the fluid layer acts as a "winner-takes-all" system. For the Bénard instability, the amplitude equations, including all parameters (coefficients), have been determined explicitly from the underlying spatiotemporal evolution equations (Bestehorn & Friedrich, 1999; Bestehorn, Friedrich, & Haken, 1989; Bestehorn & Haken, 1991) . The amplitude equations of this multistable competitive system are those of Haken's pattern recognition model (Bestehorn & Haken, 1991) . This kind of approach, which starts with the spatiotemporal evolution equations, is called a bottom-up approach.
In the field of cognition, perception, action, and memory, it is often difficult to carry out such a bottom-up approach. It is plausible to assume, however, that the systems under consideration belong to the class of multistable selforganizing systems. Based upon this assumption, top-down approaches that exploit Haken's amplitude equations have been carried out (Bressloff & Roper, 1998; Ditzinger, Tuller, Haken, & Kelso, 1997; Frank, 2009; Fuchs & Haken, 1988a , 1988b Haken, 1988) . In particular, when dealing with only two competing modes, the multistable model reduces to a bistable model. The bistable competitive model for pattern recognition has been used for dynamical analyses of the perceptual oscillations induced by viewing a bistable figure, such as the ambiguous face-vase image (cf. Rubin, 1915 ; for other examples of dynamical models of the perception of ambiguous figures, see also Ditzinger & Haken, 1989; Merk & Schnakenberg, 2002; Nagao, Haruhiko, & Matsui, 2000) , given that only one stable perception may exist at a time (e.g., either the face or the vase is perceived).
The GT model and affordances in preview
Although the GT model was developed to address transitions in a bistable behavioral domain-namely, grasping with either one or two hands-it is not limited to that domain. It can be appropriated to address key aspects of behavioral transitions in affordance experiments more generally (cf. Fitzpatrick, Carello, Schmidt, & Corey, 1994; Hirose & Nishio, 2001) , such as hysteresis and the distinction between (a) transitions induced biomechanically and (b) transitions induced by interacting behavioral modes. A significant motivation for modeling the particular affordance "graspable" is the frequency with which hysteretic grasping transitions are observed (Cesari & Newell, 1999 , 2000 Lopresti-Goodman et al., 2009; Newell, Scully, Tenenbaum, & Hardiman, 1989; Richardson et al., 2007; Kamp et al., 1998) .
Experiments covering a variety of affordances have demonstrated that the shift from one mode of behavior to another exhibits features typical of a self-organized dynamic system (Fitzpatrick et al., 1994; Hirose & Nishio, 2001; Lopresti-Goodman et al., 2009; Richardson et al., 2007; Kamp et al., 1998) , where stable macroscopic patterns of behavior emerge from the lawful interactions among system components (Kelso, 1995) . 1 The different types of behaviors exhibited (e.g., one-or two-handed grasps) represent the system's stable or ordered states and may be considered collective variables or order parameters (ξ) of the dynamic system. In the present study, the dimensionless object-size/hand-span ratio, the grasping pi number, acts as a control parameter (α) for the two variants (one hand, two hands) of the dynamic system's order parameter (Fitzpatrick et al., 1994; van der Kamp et al., 1998; Warren, 1984) . In general terms, an order parameter undergoes a spontaneous transition when its control parameter passes through a critical value, α c (cf. Haken, 1988; Strogatz, 1994) . A familiar example is interlimb rhythmic coordination, with relative phase as the order parameter and movement frequency as the control parameter (Kelso, 1995) . With increasing frequency, an initially antiphase interlimb organization (relative phase of 180°) shifts abruptly to the more stable in-phase interlimb organization (relative phase of 0°).
Hysteresis is a hallmark characteristic of nonlinear self-organizing systems-a sensitivity to initial conditions (in the preceding example, starting at 0°or 180°) that manifests as a dependence of α c on the direction of scaling α. The magnitude of α c is typically less when the series of α values progresses from the largest to the smallest value (descending sequence) than when change is in the opposite direction (ascending sequence). In grasping experiments, where the perception of grasping is indexed 1 With regard to the self-organized dynamics of animal behavior, the components comprising the animal do not suffice. The components must be those comprising the animal-environment-task system (Beer, 1995a (Beer, , 1995b (Beer, , 2009 Chemero & Turvey, 2007; Järvilheto, 1998 Järvilheto, , 2009 Richardson, Shockley, Fajen, Riley, & Turvey, 2008; Warren, 2006) . by selective action-that is, actually performing one-and two-hand grasps-positive hysteresis (α c for ascending sequences is greater than α c for the descending sequences) is the common finding Richardson et al., 2007; van der Kamp et al., 1998) . In contrast, negative hysteresis (or enhanced contrast; Tuller, Case, Ding, & Kelso, 1994 ) is typically seen in experimental contexts when perception is indexed by selective verbal classification (e.g., "two hands," "not step-overable," "stand-on-able"; Fitzpatrick et al., 1994; Hirose & Nishio, 2001; Pufall & Dunbar, 1992; Richardson et al., 2007) . A third possible scenario is critical point: The transition occurs at the same α c , regardless of the direction of scaling of α (Tuller et al., 1994) .
In grasping experiments, the one-to-two-hand transition in the ascending sequences is biomechanically induced: When the object-size/hand-span ratio (α) exceeds unity, object dimensions become larger than body dimensions and a transition from one-to two-hand grasping must occur, because the object can no longer be grasped with one hand.
2 In contrast, the two-to-one-hand transition in the descending sequences is hypothesized to occur due to an interaction of, and competition between, the two possible behavioral modes. This is because in the descending sequences, no biomechanical constraint exists that forces participants to switch from two hands to one, since the two-hand mode is a possible behavioral mode for all object sizes. Experiments on grasping have shown, however, that the majority of participants in the descending sequences do switch to the one-hand mode for smaller objects (Cesari & Newell, 1999 , 2000 LoprestiGoodman et al., 2009; Newell et al., 1989; Richardson et al., 2007; van der Kamp et al., 1998) . Therefore, it must be the interaction of the two possible modes and the necessity of mode selection given the formulation of the "winner takes all" dynamics that triggers the two-to-one-hand transitions in the descending sequences. It is important that the GT model be able to distinguish between transitions that are brought about as a result of biomechanical limitations and those that are brought about by competing behavioral modes.
The GT model and its predictions
Let the two variants of the order parameter, ξ 1 and ξ 2 , represent the generalized amplitudes of the one-and twohand grasping modes, respectively. In line with the Frank et al. (2009) model, we will only consider positive values of ξ; therefore, ξ 1 > 0, ξ 2 = 0 defines the one-hand mode, and ξ 2 > 0, ξ 1 = 0 defines the two-hand mode. Then, the 2 In principle, it is assumed that participants perceive the physical constraint at α < 1. This is reflected in empirical studies on grasping that have demonstrated α < 1 for the ascending series (cf. LoprestiGoodman et al., 2009; Richardson et al., 2007) . It is also possible, however, that α = 1 is a sufficient but not necessary condition for the vanishing of the one-hand mode in the ascending sequences. That is, there may be a transition from one to two hands at α < 1 due to the competition between the one-and two-hand modes. Fig. 1 Schematic illustration of the generality of Haken's pattern formation and recognition model. Left: Self-organizing multistable systems frequently can be best understood by representing the spatiotemporal dynamics in terms of modes and mode amplitudes. The mode amplitudes quantify the extents to which modes have emerged. Link between left and right: Haken's model describes the evolution of mode amplitudes for a general class of multistable systems. Right: The model equations can explicitly be derived in a bottom-up approach from the microscopic equations determining problems in fluid dynamics. Conversely, Haken's model has turned out to be a fruitful top-down approach for understanding problems in cognition, perception, action and memory grasping behavior is determined by the time evolution of ξ 1 and ξ 2 :
In Eqs.
(1) and (2), the terms B > 0 and C > 0 represent the magnitudes of the system's nonlinear interactions. The larger the values of B and C, the greater the interaction between the two grasping modes, ξ 1 and ξ 2 . The nature of the interaction is two-fold: It results in both competition and saturation. Below, we will transform Eqs. (1) and (2) such that these two different kinds of effects can be identified more explicitly. The parameters l 1 and l 2 are the one-and two-hand variants of what can be termed "availability" parameters corresponding, respectively, to ξ 1 and ξ 2 . In the Haken recognition model, a pattern can only be available (and therefore attended to or recognized, in the conventional terminology of the model) if l > 0. The l parameter determines the relaxation time to the stationary fixed point, ξ st , after a perturbation. The larger the value of l, the faster the relaxation time to ξ st , and therefore the more stable that behavior is. In line with the original conception, the grasping mode may be available for l > 0, and may not be available for l < 0.
Equations (1) and (2) can be expressed in terms of their potential dynamics
involving the two-dimensional potential
Note that in our exposition, we will not evaluate the magnitudes of ξ 1 and ξ 2 , but instead will focus only on whether a behavioral mode is present (e.g., ξ 1 > 0) or absent (e.g., ξ 1 = 0).
The potentials of the GT model are related to the availability parameters. As discussed above, the larger and more positive the value of l, the more stable the attractor representing a behavioral mode and the faster the relaxation time to ξ st after a perturbation. This is illustrated in Fig. 2 by steeper potential wells or minima. Conversely, the smaller the value of l, the less stable the attractor representing the behavioral mode. This is illustrated in Fig. 2 by potential maxima. Figure 2 illustrates the potentials for three fixed points derived from Eqs. (1) and (2). Figure 2a illustrates the case where l 1 >> l 2 . In this situation, linear stability analysis shows that for any initial condition ξ 1 (0) > 0, ξ 2 (0) > 0, the system will converge to the stable mode ξ 1 and away from the unstable mode ξ 2 , which is a repellor. In this situation, one-hand grasps will be performed. Figure 2b illustrates the case where l 1 ≈ l 2 . Linear stability analysis shows that in this situation the system is bistable. Given the winner-takes-all formulation Fig. 2 The two-dimensional potentials for Eq. 5. (a) The monostable case where one-hand grasps would be performed; (b) the bistable case, where the grasping behavior performed depends on the direction of scaling α; and (c) the monostable case where two-hand grasps would be performed. Potential minima represent stable states, while potential maxima represent unstable states of the model, one-and two-hand grasps cannot be performed simultaneously, and therefore the behavior exhibited depends on the direction of scaling α. Figure 2c illustrates the situation where l 2 >> l 1 . Linear stability analysis shows that for any initial condition ξ 1 (0) > 0, ξ 2 (0) > 0, the system will converge to the stable mode ξ 2 and away from the unstable mode ξ 1 . In this situation, two-handed grasps will be performed.
With regard to the two aforementioned types of behavioral transitions, in the ascending sequences a switch due to biomechanical constraints from one to two hands is made when l 1 ≤ 0. In general (i.e., when considering both ascending and descending sequences), a switch from one mode to another occurs when l 2 > (1 + B/C)l 1 (transition from one-to two-hand grasps) or when l 1 > (1 + B/C)l 2 (transition from two-to one-hand grasps). According to Eq. (12) of Frank et al. (2009) , we assume that a linear relationship exists between l 1 and l 2 and the control parameter α (see Fig. 3 ):
where β determines the overall size of the availability parameters and l 2,0 represents the initial value of the twohand availability parameter. The thin decreasing line in Fig. 3 illustrates how l 1 decreases in strength as α increases in value, a relationship determined by the minus sign in Eq. (6). When l 1 = 0, α assumes a value of 1, and at this point one-hand grasping is no longer possible due to biomechanical constraints; therefore, a switch to two-hand grasping must be made. Conversely, the dark increasing line in Fig. 3 illustrates how l 2 increases in strength with increases in α, a relationship determined by the plus sign in Eq. (7). Note that Eq. (6) guarantees that for α values larger than unity, we have l 1 < 0 (as required above). The GT model, as presented in Eqs. (1) and (2), is defined in terms of two first-order dynamic equations involving two collective variables, ξ 1 and ξ 2 , and four parameters, B, C, l 2,0 , and β. In grasping-transition experiments, typically two dependent variables are observed: the α c values in the ascending (α c,2 ) and descending (α c,1 ) trials. Our objective is to determine model parameters from these two observations. Consequently, only two parameters can be estimated. In order to see which of the parameters can be determined, we exploit the fact that in many cases, such models can be simplified (i.e., parameters can be eliminated) by rescaling time and by introducing appropriately defined rescaled variables (cf. Murray, 1993) . In this context, we first note that given that β strictly determines the overall size of the availability parameters, it seems that we can simplify Eqs. (6) and (7) by defining the availability parameters scaled relative to β as
with the initial value of the rescaled availability parameter, L 2,0 , calculated as l 2,0 /β. In our case, we rescale time with the parameter β and introduce another parameter, g, that relates the two nonlinear interaction terms B and C from Eqs. (1) and (2).
Subsequently, we rescale the generalized amplitudes ξ 1 and ξ 2 with the square root of C/β. A detailed calculation (see Appx. A) shows that Eqs. (1) and (2) 
and
with l 1 = 1 -α and l 2 = L 2,0 + α. In short, we have reduced the four-parameter model to a model that involves only two parameters, namely g and L 2,0 (in addition to the control parameter α). From Eqs. (11) and (12), we see that Qualitative plot representing the relationship between the control parameter α and the one-and two-hand availability parameters l 1 (thin line decreasing) and l 2 (thick line increasing), respectively, for B = C = 1, l 2,0 = 0, β = 1 (which implies that g = 1 + B/C = 2). In the ascending sequences, the transition from one to two hands occurs at the critical value of α, α c,2 (crosses), when l 2 > (1 + B/C)l 1 . In the descending sequences, the transition from two hands to one occurs at α c,1 (diamonds) when l 1 > (1 + B/C)l 2 g is the coefficient that occurs in the mixed terms. Accordingly, the parameter g represents the strength of the competitive interaction (not related to saturation effects) between the one-and two-hand grasping modes. Saturation effects are described by the cubic ξ 1 and ξ 2 terms. Let us briefly address some interpretations and predictions of the GT model relevant to the present study. First, it can be shown that the stability of the grasping modes, as measured by the Lyapunov exponents obtained from a linear stability analysis, increase linearly with g . Consequently, the larger the values of g, the more stable the particular solution to the equation. Therefore, we may consider g as a measure of the strength of the system's attractor. Second, if we plot l 1 = 1 -α and l 2 = L 2,0 + α on a logarithmic scale as a function of parameter α, we can graphically determine the hysteresis size, as shown in Fig. 4a . To this end, we create a shifted max-l line: We plot separate lines at distances of log(g) below the l value that is the larger of l 1 and l 2 . In Fig. 4a , this shifted max-l line is shown for two different values of g. The hysteresis size is then given by the intersection points between the graphs for l 1 and l 2 and the shifted max-l line (for further details, see Frank, 2009; Frank, van der Kamp, & Savelsbergh, 2010) . By this construction, it becomes obvious that when g increases, the hysteresis size increases. In sum, the GT model predicts that interaction strength, attractor stability, and hysteresis size are closely related properties and scale in the same direction. In particular, g is related to the degree of hysteresis.
In Fig. 4b , l 2 is plotted on a linear scale as a function of α for two different values of L 2,0 . If L 2,0 is positive and large, the overall "availability" of the two-handed grasping mode is large as well. In contrast, if L 2,0 assumes a small positive value or becomes negative, the overall "availability" of grasping with two hands is relatively low. Therefore, the GT model predicts that the availability of the two-handed grasping mode will "affect," or will be reflected by variations in, the parameter L 2,0 . The parameters L 2,0 and g can be derived from the mean pi numbers (α c ) in the ascending and descending sequences, as shown in Appendix B.
In overview, the present article is an evaluation of the GT model. The evaluation is conducted in two phases. In Phase 1, we derive parameter estimates for the model from the data of previously conducted experiments. These experiments by Lopresti-Goodman et al. (2009) examined how grasping transitions (indexed by selective action) were affected by the difficulty of the task. In Phase 2, we present a new experiment to test predictions of the effects of task difficulty derived from Phase 1. The new experiment provides data on transitions in selective action in the context of a concurrent cognitive task with four levels of difficulty. (2009) investigated the task of grasping and moving light wooden planks of different sizes, using either one or two hands in ascending and descending presentation sequences. The wooden planks were 2 cm high and 6.5 cm wide and ranged in length from 3 to 30 cm in 1-cm increments in Experiment 1, and from 4.5 to 24.5 cm in 0.5-cm increments in Experiment 2. All planks were painted black with their ends red. Participants were instructed that they could only grasp a plank by its red ends, which restricted them to grasping the planks lengthwise.
Experiment 1 hand grasping (n = 23). 4 The fast (3 s per plank) and selfpaced (~5 s per plank) presentation speeds yielded positive hysteresis, with the critical values of the control parameter in the descending sequence, α c,1 , being much smaller than those for the ascending sequence, α c,2 (α c,1 < α c,2 ). In the slowest presentation condition (10 s per plank), positive hysteresis was eliminated. Instead, a critical-point transition occurred (α c,1 = α c,2 ).
Experiment 2 of Lopresti-Goodman et al. (2009; n = 48) investigated the influence of a cognitive load, a simple arithmetic task of counting back from a random three-digit number by 7, for fast-paced and slow-paced presentation speeds. The addition of the cognitive load exaggerated positive hysteresis in both speed conditions (α c,1 < < α c,2 ), while more moderate positive hysteresis was seen in the noload conditions (α c,1 < α c,2 ).
As mentioned above, g is related to the degree of hysteresis. A qualitative examination of the LoprestiGoodman et al. (2009) data revealed that positive hysteresis was exaggerated with increased task difficulty (e.g., a fast presentation speed or an additional cognitive load). Therefore, the GT model suggests that the g parameter should increase with increased levels of task difficulty. Moreover, as demonstrated above, the L 2,0 parameter reflects the stability of the two-handed grasping mode. It is plausible to assume that when task difficulty increases, the two-handed grasping mode increases in stability since, biomechanically, it is a behavior that can always be performed even under the most difficult of cognitive-load conditions. If this is the case, this would imply that the value of L 2,0 increases with increases in task difficulty.
Results of the reevaluation
A univariate ANOVA on the g parameter, as estimated from the Experiment 1 data, revealed that there was no significant effect of speed, F(2, 20) = 2.34, p = .12, η 2 = .19, despite the g parameter being larger for the self-paced (M = 1.43 ± 0.70, Δα = .06) and fast-paced (M = 1.60 ± 0.65, Δα = .12) presentation speed conditions than for the slow-paced condition (M = 0.98 ± 0.28, Δα = .00). A planned comparison t test on the fast-and slow-paced presentation speed g values did reveal, however, a significant difference, t(13) = −2.43, p = .03 (see Fig. 5a ). This suggests that the interaction between the two possible grasping modes increased for the fast-paced condition, equivalently increasing the strength of both modes' attractors.
A 2 (speed: slow or fast) × 2 (cognitive load: no load or load) univariate ANOVA on the g values of Experiment 2 revealed a main effect of speed, with g for the fast-paced condition (M = 1.91 ± 0.85, Δα = .20) being significantly larger than g for the slow-paced condition (M = 1.37 ± 0.60, Δα = .09), F(1, 44) = 6.28, p = .02, η 2 = .13 (see Fig. 5b ). There were no significant differences for the different cognitive-load conditions, F(1, 44) = 2.02, p = .16, η 2 = .04 (M Load = 1.79 ± 0.69, Δα = .19, and M NoLoad = 1.49 ± 0.84, Δα = .10), nor was there a significant Speed × Cognitive Load interaction, F < 1.
With regard to the L 2,0 parameter, a univariate ANOVA for Lopresti-Goodman et al.'s (2009) Experiment 1 data indicated no significant differences for the three speed conditions (M Slow = −0.44 ± 0.26, M Self = −0.48 ± 0.16, and M Fast = −0.38 ± 0.23), F < 1. A univariate ANOVA of the Experiment 2 data revealed that there was a marginally significant main effect of cognitive load, F (1, 44) = 2.79, p = .10, η 2 = .06, with the L 2,0 value being larger for the load (M = −0.27 ± 0.17, Δα = .19) than for the no-load (M = −0.36 ± 0.21, Δα = .10) condition (see Fig. 5c ). There was not, however, a main effect of speed, nor an interaction between speed and cognitive load, both Fs < 1, despite differences seen in the L 2,0 values and the amounts of positive hysteresis exhibited for the different task difficulty conditions (M FastLoad = −0.22 ± 0.16, Δα = .24; M FastNoLoad = −0.35 ± 0.20, Δα = .15; M SlowLoad = −0.31 ± 0.16, Δα = .13; and M SlowNoLoad = −0.37 ± 0.24, Δα = .05).
Discussion of the reevaluation
We may infer from the parameter derivations for g from both Experiments 1 and 2 of Lopresti-Goodman et al. (2009) that increasing the speed of object presentation increases the interaction between the two grasping modes. The addition of the cognitive load-the simple arithmetic task-did not, however, significantly increase the interaction. With regard to the L 2,0 parameter, in both Experiments 1 and 2 the manipulation of speed did not influence its value. For Experiment 2, however, it appears that the L 2,0 parameter values tended to increase with increases in task difficulty. This suggests that the two-hand grasping mode may represent a more stable form of behavior (e.g., the attractor is stronger) when participants have to complete the cognitive task while grasping the experimental objects.
A closer inspection of the Lopresti-Goodman et al. (2009) data revealed that participants did not indiscriminately use the two-hand mode more often in the more difficult conditions (e.g., with increased speed or the addition of a cognitive load). Instead, the significant differences in α values reported by Lopresti-Goodman et al. for the Sequence × Speed interaction for Experiments 1 and 2, and the significant Sequence × Cognitive Load interaction for Experiment 2, indicate that participants only used the two-hand grasping mode more often in the descending sequences for more difficult conditions. Specifically, α c,1 decreased with increases in task difficulty, whereas α c,2 was invariant, regardless of the level of task difficulty. This finding further supports the idea that participants tend to switch in the ascending sequences at their biomechanical limits (~α c,2 ). Given these differences in the transition points for the different sequences, it is now clearer why significant changes in L 2,0 were not seen with changes in task difficulty.
In sum, the results of the parameter derivations from the Lopresti-Goodman et al. (2009) data indicate that the interaction of the two grasping modes increases with increasing task difficulty, specifically with increasing presentation speeds. This was revealed by the significant impact of the speed manipulation on the g values for both Experiments 1 and 2. The addition of the cognitive load did not, however, increase the interaction between the grasping modes. It is possible that the manipulation of cognitive load in conjunction with the presentation speed manipulation obscured any effect the cognitive load might have had when the participants performed the grasping task at a selfpaced speed. This is an evaluation to be tested in a new experiment presented below. Overall, the analyses suggest that the GT model parameters g and L 2,0 are influenced by manipulations of task difficulty. Given this result, we can test predictions made by the GT model with regard to how other levels of task difficulty will influence the parameters.
Phase 2: Evaluating GT model predictions about cognitive task difficulty
The parameter derivations from the Lopresti-Goodman et al. (2009) data demonstrated that the GT model is capable of accounting for differences seen in the behavioral dynamics of grasping under parallel demands of increased speed of performance and/or cognitive load. By extension, the arithmetic activity of counting backward from an assigned number provides a means of systematically manipulating cognitive task difficulty. As argued and demonstrated by Posner (1964) and Posner and Rossman (1965) , relatively uncomplicated arithmetic tasks allow for the equating of cognitive load with the amount of information reduced from a numerical stimulus (e.g., 12) to a response (e.g., "3" in reference to the sum of the two digits, and "odd" in reference to 3). In experiments directed at effects on rhythmic coordination of a parallel cognitive activity irrelevant to the coordination, Pellecchia and Turvey (2001) found evidence to suggest that the coordination's attractors shifted in a degree proportionate to the amount of information reduction quantifying the cognitive activity.
Of the several information reduction tasks evaluated by Posner and Rossman (1965) , counting backward is most suited to the grasping-transition paradigm. This task can be performed continuously in parallel with the repetitive picking up and carrying of the planks (as shown in LoprestiGoodman et al., 2009, Exp. 2) and requires only that the starting number be given at a trial's outset. Four counting tasks were used in the GT model evaluation: (a) no counting (no concurrent cognitive task), (b) counting back by 1 (0-bit reduction), (c) counting back by 3 (5.93-bit reduction), or (d) counting back by 7 (7.62-bit reduction). Each variant of each of the counting tasks (b)-(d) started from a three-digit number between 900 and 999 (see Appx. C for details).
The expectation from the GT model was that participants in each of the counting conditions would exhibit positive hysteresis (α c,1 < α c,2 ), with positive hysteresis being largest for the most difficult condition (counting back by 7), smallest for the least difficult condition (no counting), and intermediate for the moderate-difficulty counting conditions (counting back by 1, counting back by 3). The differences in the amounts of positive hysteresis exhibited should result from participants using the two-hand mode more often in the descending sequences for the more difficult tasks. It was also expected that participants in each condition would make the transition from one to two hands at similar α c,2 values in the ascending sequences, regardless of the counting condition they were in. Additionally, if increases in the difficulty of the counting task increase the amount of positive hysteresis, as suggested by the parameter derivations, then increases in the values of L 2,0 and g would also be expected. Specifically, these parameters should be significantly larger for the more difficult than for the less difficult counting conditions.
Method
Participants A total of 37 individuals from the University of Connecticut volunteered to participate as partial fulfillment of a course requirement. Of those 37, 32 individuals' data (16 males, 16 females; mean hand span = 21.32 ± 2.06 cm) were used in the analysis. Thirty of these participants self-identified as being right-handed, and 2 self-identified as being left-handed. The 5 remaining participants were excluded from the analysis due to using the two-hand grasping mode for an entire object presentation sequence, which did not allow for comparisons of pi numbers or of GT model parameters.
5 All procedures were approved by the University's Institutional Review Board.
Materials
The materials from Lopresti-Goodman et al.'s (2009) Experiment 2 were used as the experimental objects. They consisted of two sets of 41 narrow wooden planks, 2 cm high and 6.5 cm wide, ranging in length from 4.5 to 24.5 cm in 0.5-cm increments, and in weight from 22 to 135 g. These objects were painted black with their ends red and were kept behind a black curtain, and thus occluded from the participants' view, until they were presented via a small wooden paddle on a 100-cm-high table. The paddle was used to lay the objects on the presentation table in front of the participants such that they could not compare the object's widths to the experimenter's hand size, nor could they see how the experimenter would grasp each object (e.g., with one or two hands), which might have influenced the participants' actions.
Procedure Individual participants were asked to grasp and move each object from one table to another positioned 2.5 m away, and were told to do so at a self-selected comfortable pace (~7 s/plank). Participants were told that they could grasp each object with either one or two hands. Although all objects could physically be grasped with one hand by lifting the object across the 6.5-cm width, the participants were instructed that they could only grasp the objects by the red ends, which restricted them to grasping the objects lengthwise. To ensure that participants understood how the stimuli could be grasped, the experimenter demonstrated grasping the smallest object in the set (4.5 cm) with one hand and grasping the largest object in the set (24.5 cm) with two hands.
Each participant completed two critical trials in which the planks were presented in sequence one by one in ascending and descending orders, with a random-order trial presented between them. 6 The presentation sequences (ascending or descending first) were counterbalanced across participants. Each participant was randomly assigned to a 5 These 5 individuals participated in the most difficult counting condition (counting back by 7). Of these 5 participants, 4 used the two-hand mode for the entire descending sequence, while 1 used two hands for the entire ascending sequence. Using this mode for the entire sequence did not allow for a calculation of α c , since there was no transition between one-and two-hand grasping, and α c values are necessary for the calculation of the GT model parameters. 6 Random presentation sequences are commonly used to eliminate short-term sequential ordering effects (Tuller et al., 1994) . different level of the concurrent counting task: no counting or counting back by 1, 3, or 7 starting from a number between 900 and 999. For the counting-back-by-3 and −7 conditions, the participants began backward counting from a number chosen quasirandomly, such that the last two digits did not form a number divisible by 3 or 7, respectively. When all trials were completed, data about the participants' hand span and the maximum size of an object that could be grasped with one hand were collected.
Design and analysis The experiment had a 3 (sequence: ascending, random, and descending) × 4 (counting condition: no counting or counting back by 1, 3, or 7) mixed design, with sequence manipulated within subjects and counting condition manipulated between subjects. The transition from one mode of grasping to another within each sequence for each participant was calculated as the mean plank length at which a participant transitioned from one-to two-hand grasping (or vice versa), divided by the participant's hand span. For example, the transition from one-to two-hand grasping in the ascending trials was calculated by taking the length of the largest plank grasped with one hand, before which all planks were grasped with one hand, and adding that number to the length of the smallest plank grasped with two hands, beyond which all planks were grasped with two hands, and dividing by 2. This mean plank length of transition in centimeters was then divided by the participant's hand span in centimeters, resulting in a dimensionless pi number, α c,2 (LoprestiGoodman et al., 2009; Richardson et al., 2007 ; van der Kamp et al., 1998) . This process was the same for the descending trials, resulting in a calculation of α c,1 .
Predictions This experiment constituting Phase 2 was explicitly aimed at testing the predictions made by the GT model with regard to the effect of different levels of cognitive task difficulty on the GT model's parameters. Based on the parameter derivations above from LoprestiGoodman et al.'s (2009) data, it was expected that increases in counting difficulty would result in (a) increases in the amount of positive hysteresis (Δα); (b) increases in the interaction between the two grasping modes, g, equivalently increasing the attractor strength of both grasping modes; and (c) increases in the strength of the two-hand grasping mode's attractor, L 2,0 .
Results α c analysis and positive hysteresis A 3 (sequence) × 4 (counting condition) mixed-design ANOVA on the mean α c values revealed a significant effect of sequence, F(2, 56) = 36.37, p < .001, η 2 = .57. In the ascending sequences, participants switched from one-to two-hand grasping at larger α c values (M = 0.72 ± 0.06) than in either the random (M = 0.58 ± 0.13) or the descending (M = 0.55 ± 0.13) sequences; overall, positive hysteresis was exhibited (see Table 1 for the individual behavioral transitions). The interaction between sequence and counting condition was also significant, F(6, 56) = 5.97, p < .001, η 2 = .39, with participants in the no-counting condition exhibiting mild positive hysteresis (Δα = .04), those in the 1-and 3-counting conditions exhibiting moderate positive hysteresis (Δα = .10 and .23, respectively), and those in the 7-counting condition exhibiting exaggerated positive hysteresis (Δα = .31) (see Fig. 6 ). These results indicate that positive hysteresis increased with the difficulty of the concurrent counting task.
Planned-comparison paired-sample t tests with seven degrees of freedom for each counting condition yielded significant differences between α c,2 and α c,1 values for the 1-, 3-, and 7-counting conditions (all ps < .05), confirming that positive hysteresis occurred. The differences in α c values for the ascending and descending sequences for the no-counting condition were not significantly different, however, t(7) = 1.75, p = .14, indicating that despite the qualitative appearance of positive hysteresis (Δα = .04), quantitatively participants exhibited a critical-point transition. Post-hoc tests (Tukey, p < .05) revealed that within the ascending sequences, only α c,2 values for the 1-and 7-counting conditions were significantly different from each other. This finding that most α c,2 values were not significantly different from one another supports the predictions made by the GT model about transitions from one-to two-hand grasping occurring at participants' biomechanical limitations. For the random sequences, only α c values for the no-counting and 7-counting conditions were significantly different from one another, and for the descending sequences, the α c,1 values for the nocounting condition was significantly different from the α c,1 values of both the 3-and 7-counting conditions. This finding supports the hypothesis that differences in the amounts of positive hysteresis for different levels of task difficulty are the result of participants using the two-hand grasping mode Due to the differences in the amounts of positive hysteresis exhibited for the different counting conditions, there was also a significant main effect of counting condition, F(3, 28) = 3.56, p = .03, η 2 = .28. The mean α c value for the no-counting condition was larger (M = 0.68 ± 0.08) than the mean α c value for the 1-, 3-, or 7-counting conditions (Ms = 0.61 ± 0.03, 0.61 ± 0.04, and 0.55 ± 0.04, respectively).
GT model parameter analysis With regard to the GT model parameters, it was expected that g would be significantly larger for the more difficult counting conditions than for the less difficult ones, indicating that the strength of the interaction between the two grasping modes would increase with more difficult concurrently performed counting tasks. A univariate ANOVA supported this hypothesis and revealed a significant effect of counting condition, F(3, 28) = 12.18, p < .001, η 2 = .57. As expected, the g values were much larger for the 7-, 3-, and 1-counting conditions (M 7 = 2.38 ± 0.63, M 3 = 1.88 ± 0.55, M 1 = 1.33 ± 0.29) than for the no-counting condition (M = 1.13 ± 0.23) (see Fig. 7) .
With regard to the L 2,0 parameter, it was expected that it would be quantitatively larger for the more difficult counting conditions. Given the marginally significant effect of counting condition in the parameter derivation of L 2,0 for Experiment 2 of Lopresti-Goodman et al. (2009), it was not certain whether or not significant differences would be found. A univariate ANOVA on the L 2,0 values for the counting conditions yielded a marginally significant effect, F(3, 28) = 2.63, p = .07, η 2 = .22, with L 2,0 being larger for the counting conditions (M 7 = −0.20 ± 0.10, M 3 = −0.24 ± 0.18, M 1 = −0.23 ± 0.13) than for the no-counting condition (M = −0.37 ± 0.12) (see Fig. 8 ).
Discussion
The aim of the experiment in Phase 2 was to determine whether the GT model was capable of accounting for differences in dynamics with systematic manipulations of a concurrently performed counting task in a grasping affordance experiment. It was expected that more difficult counting tasks would lead to exaggerated positive hysteresis (e.g., increased values of Δα), which would result in larger values of the g and L 2,0 parameters.
The results from the analysis of the α c values indicated that, in general, all participants exhibited positive hysteresis, with the degree of positive hysteresis dependent on the level of difficulty of the counting task. Specifically, positive hysteresis was exaggerated with increases in counting difficulty. Planned-comparison tests revealed that a numerical suggestion of positive hysteresis in the no-counting condition (see Fig. 6 ) was not significant. Instead, no- Fig. 7 The bars (with standard errors) represent the average g parameter values derived for the 7 (black), 3 (dark gray), and 1 (light gray) counting conditions, as well as the no-counting condition (white), from the Phase 2 experimental data Fig. 8 The bars (with standard errors) represent the average L 2,0 parameter values derived for the 7 (black), 3 (dark gray), and 1 (light gray) counting conditions, as well as the no-counting condition (white), from the Phase 2 experimental data Fig. 6 The interaction of sequence and counting condition for the α c values for the Phase 2 experiment. The bars (with standard errors) represent the average transition points from one mode of grasping to another as a mean α c value for each counting condition counting participants exhibited a critical-point transition. With no concurrent counting task to perform, participants could grasp and move the objects at a self-selected pace; in essence, there was no manipulation of task difficulty.
Reexamination of Lopresti-Goodman et al.'s (2009) Experiment 2 suggests a similar critical-point transition for the comparable "no-cognitive-load slow-paced" condition (Δα values of .05 and .04, respectively). To verify, we conducted a paired-samples t test comparing the ascending (α c,2 = .71) and descending (α c,1 = .66) pi numbers from Lopresti-Goodman et al.'s Experiment 2. This analysis revealed no significant difference between the two α c values, t(11) = 1.21, p > .05. In sum, all findings with regard to increasing levels of cognitive task difficulty resulting in increasing levels of positive hysteresis were in agreement with the GT model's predictions.
Post-hoc tests on the mean α c values revealed that in the ascending sequences, the α c,2 values for the 1-and 7-counting conditions were the only ones that differed significantly. This finding supports the GT model's predictions about transitions from one-to two-hand grasping occurring near participants' biomechanical limits. 7 The very small deviation in α c,2 values for this series (SD = 0.06) suggests that while participants switch from one-to twohand grasping at an α c,2 value that is less than 1, this transition point is invariant across participants. Furthermore, the average α c,2 values for the ascending series in the present experiment were similar to the average α c,2 values found in Experiment 2 of Lopresti-Goodman et al. (2009; 0.72 and 0.73, respectively) , demonstrating the invariance of the oneto two-hand affordance boundary more generally.
For the descending sequences, post-hoc tests revealed that the no-counting condition's α c,1 value significantly differed from both the 3-and 7-counting conditions' α c,1 values. This finding supports the prediction made from the GT model that differences in the amount of positive hysteresis for different levels of task difficulty are mainly the result of participants using the two-hand grasping mode more often in the descending sequences. A qualitative comparison of the average α c,1 values for the descending sequences of the present experiment with the average α c,1 values for the descending sequences of Lopresti-Goodman et al.'s (2009) Experiment 2 (Ms = 0.55 ± 0.10 and 0.59 ± 0.15, respectively) suggests that a constraint exists in the descending sequences, inducing a switch from two-to onehand grasping at an invariant α c,1 value.
This constraint obviously does not reflect a straightforward biological limit, since two-hand grasping is afforded for all object sizes. Despite the availability of two-hand grasps, the scaling of grip configurations to an object's physical dimensions is highly systematic in both infants and adults (Cesari & Newell, 1999; Newell, McDonald, & Baillargeon, 1993) , with the transition from one hand to two hands occurring at a common pi number. It is evident that a full understanding of the allometry of object-grip relations requires more than geometry (object size). Other factors of a possible bioenergetic nature might be involved. For example, as Choi and Mark (2004, p. 802) note, there may be a tendency to minimize overall body movement. For the present style of inquiry, theory and experiment focusing on the l 1 >> l 2 region (see Fig. 2 ) would be needed to discern the nature of the constraint that disposes participants in the descending condition to switch from two hands to one hand at a specific α c,1 value, but this is beyond the scope of the present investigation.
Consistent with the parameter estimations for the Lopresti-Goodman et al. (2009) experiments, the strength of the two-hand grasping mode, L 2,0 , marginally increased with increasing levels of task difficulty. As expected, its values were larger for the 1-, 3-, and 7-counting conditions than for the no-counting condition. The exclusion of 5 participants' data for using only the two-hand grasping mode for an entire sequence in the most difficult counting task condition lends further support for the hypothesis that the L 2,0 parameter's strength increases with increasing cognitive task difficulty. These participants found the task so difficult that they used the two-hand mode for the entire sequence.
Given the reliable impact of task difficulty on the g parameter and the weaker impact on L 2,0 , it may be inferred that the strength of the interaction of the two grasping modes dictates the behavioral dynamics of transitions in grasping. An evaluation of this claim can be made by deriving an explicit equation that relates Δα c to g and L 2,0 . A detailed calculation shows that
or, equivalently, Δα = z * w, where z is a function that only depends on g, and w is a function that only depends on L 2,0 . For example, a comparison of the Δα values for the nocounting and the counting-back-by-7 conditions indicates that the amount of positive hysteresis for the counting-back-by-7 condition is 5.9 times greater than that for the no-counting condition (see Appx. D). By determining how much of this difference is attributable to the z parameter (and consequently determining the effect of g) and how much is attributable to the w parameter (the effect of L 2,0 ), it becomes evident that the z component or, equivalently, the g parameter accounts for almost all of the difference in the amount of positive hysteresis exhibited in these two conditions (~80%).
Conclusions: Dual tasking, parameter modulation, and the organism-environment system
The primary goal of the present study was to advance the experimental investigation of affordances by incorporating the investigation within a dynamical systems framework.
Whereas the results of previous affordance experiments have been interpreted as instances of self-organized dynamics (e.g., Fitzpatrick et al., 1994; Hirose & Nishio, 2001; Lopresti-Goodman et al., 2009; Richardson et al., 2007; van der Kamp et al., 1998) , the present study is the first to express and evaluate this interpretation formally by means of a dynamical model. The GT model of the affordance "graspable" proposed by Frank et al. (2009) is an extension of the thesis that a deep analogy exists between pattern perception and the physical principles of pattern formation (Haken, 2004) . Our analyses of the GT model parameters suggested that performance of an unrelated counting task in parallel with the grasping task modulated the attractors governing the grasp-transition dynamics in two ways: It shifted their locations and changed their interaction strength and stability. Specifically, our results revealed that increased counting difficulty (increased information reduction, in the Shannon sense) was accompanied primarily by an increase in the strength of the competitive interaction between the one-and two-hand grasping modes (i.e., larger values of g) and by an increase in the stability of the two-hand grasping mode's attractor (i.e., larger values of L 2,0 ).
Analogous effects in coordination dynamics
The dynamics of bimanual rhythmic coordination have similarly been developed from the self-organizing principles of pattern formation (Haken, Kelso, & Bunz, 1985; Kelso, 1995) . The present finding, that the concurrent performance of an unrelated counting task reparameterizes grasping dynamics, complements the results of experiments suggesting that the dynamics of bimanual rhythmic coordination are reparameterized by parallel cognitive activity. In these rhythmic coordination experiments, however, the equivalents of ξ, α, and l (the order, control, and attention or availability parameters, respectively) are fixed within a trial, and a particular cognitive activity at a prescribed level is performed in parallel with the coordination task within each trial. Across trials, one or more of the order, control, or availability parameters, depending on the experiment, are manipulated. In sum, these experiments are not designed to induce transitions.
The focus of these experiments has been cognitive activity's influence on the attractor or stable state of 1:1 frequency locking of two limbs. The attractor is characterized by its location on the relative phase continuum, its strength, and its noise. Parallel performance of the Posner and Rossman (1965) tasks has been shown to shift coordination attractors in proportion to the degree of information reduction (Pellecchia & Turvey, 2001) . A more detailed analysis shows that parallel performance of counting backward (by 3 s) shifts an attractor to a new value and amplifies its noise (i.e., the stable state fluctuates more) but preserves its strength (i.e., the tendency for the coordination to settle back onto the stable state following a perturbation) (Pellecchia, Shockley, & Turvey, 2005) . Similar outcomes hold when the parallel activity is memory related . With respect to encoding a list of unrelated words, encoding affects parallel rhythmic coordination (new attractor, more noise), and parallel rhythmic coordination affects encoding. With respect to retrieving a list of previously encoded unrelated words, retrieval affects parallel rhythmic coordination (new attractor, more noise), but not vice versa.
Of particular relevance is the finding that when bimanual rhythmic coordination is performed in parallel with the semantic memory task of retrieving members of a category, retrieval is impaired and the dynamics of coordination are altered (Shockley & Turvey, 2006) . Excluded from Shockley and Turvey's experiment, however, were commonly identified sources of specific intertask interference (Bourke, 1997; Bourke, Duncan, & Nimmo-Smith, 1996) , such as shared input modality (Treisman & Davies, 1973) or similar semantic domain (Hirst & Kalmar, 1987) . A factor common to semantic retrieval and rhythmic coordination is implied by their results, but the conventional appeal to limited cognitive resources 8 fails to address the intricate pattern of mutual influences between the two activities. It has been suggested that stability is a more promising candidate for the implied general factor influenced by parallel performance of both tasks (Shockley & Turvey, 2006) . The seeming mix of monitoring and control processes constituting semantic retrieval (Baddeley, 1998; Koriat, 2000) suggests that semantic retrieval, like coordination, could be framed in dynamical terms. Semantic retrieval has a characteristic dynamic, as noted originally by Bousfield and Sedgewick (1944) and elaborated recently by Rhodes and colleagues (Frank & Rhodes, 2010; Rhodes & Turvey, 2007 ). The dual-task performance of semantic retrieval and coordination could, therefore, be interpreted as a coupling of the two dynamics, a coupling that might be expected to entail parameter changes in retrieval dynamics paralleling the identified parameter changes in coordination dynamics. On the hypothesis advanced above, the criterion for these dual changes would be enhanced stability of the coupled system.
The latter ideas are in keeping with Neumann's (1987) suggestion that dual-task performance is a higher-order skill with its own parameterization, and perhaps with Logan and Gordon's (2001) notion that a dual task composed of cognitive and behavioral activities entails a higher-level control that ensures the successful fit of the subordinate activities by reconfiguring one or both of them through the manipulation of their parameters.
How do these conceptions apply to the dual tasking in grasping dynamics (i.e., to the data on grasping transitions obtained in Phase 2)? If information reduction tasks were dynamic systems, bringing new functional terms to the GT model, then it would have to be assumed that these new terms modulated the parameters of the grasping dynamics commensurate with the magnitude of information reduction. The challenge posed for theory and modeling would be how to extend the principles underwriting the formulation of the GT model (summarized in Haken, 2004) to the domain of serial and nested mental operations of the kind represented minimally by the counting tasks of the Phase 2 experiment.
The organism-environment system and future inquiry The GT dynamical system incorporates the complementary relation that exists between the relevant properties of the tobe-grasped objects (i.e., object length or size) and the relevant properties of the individual's action system (i.e., hand size). It is this person-environment relation (more precisely, the information that specifies this person-environment relation) that constrains and guides the grasping behavior of an individual. The attractors and repellers studied in the present research do not characterize states of body or brain, but rather states of the organism-environment system.
The present GT modeling, methodology, and focus on affordances are in concert, therefore, with the thesis that perceiving, acting, and knowing emerge from the interplay of body, brain, and environmental surroundings (e.g., Calvo & Gomila, 2008; Clancey, 1997; Clark, 1997 Clark, , 1999 and are approachable through the tools of dynamical-systems theory (e.g., Beer, 1995a Beer, , 1995b Beer, , 2009 Calvo & Gomila, 2008) . For Järvilehto (1998 Järvilehto ( , 2009 , adopting the perspective of organism (O) and environment (E) as one system carries three implications: (1) Explanations of behavior have to be in terms of system reorganization (as opposed to a movement of O or an interaction of O and E). (2) Activities typically termed "mental" have to be understood as aspectual differences in system organization (as opposed to local processes of O). (3) The focus of analysis is neither behavior nor mental activity, as such, but rather the O-E system's results or outcomes.
Our results approximate an understanding of implications (1) and (3) above; future studies may be directed at evaluating implication (2) within the GT model and its focus upon E defined through affordances. Most immediately, they should be aimed at (a) determining whether or not the GT model is able to account for the negative hysteresis of grasping transitions when the classification "graspable" is verbal and not a selective action of the upper limbs, and (b) whether the model can be generalized to account for positive and negative hysteresis exhibited in affordance tasks other than grasping (e.g., "sit-on-able," "step-over-able," "reach-with-able," and so on). 
We divide these equations by β in order to obtain 1 b
We rescale time (t) by the parameter β; that is, we introduce a new time variable t' = tβ, which implies that
Consequently, Eqs. (16) and (17) become
where the over-dot now refers to differentiation with respect to t' rather than with respect to t. Next, we note that the following relation holds:
ð21Þ and
Consequently, Eqs. (19) and (20) can equivalently be expressed as
In order to show how to rescale the amplitudes, we cast Eqs. (23) and (24) into the form
As mentioned in the main text, we rescale the amplitudes ξ 1 and ξ 2 with the square root of C/β. That is, we introduce the new variables ξ' 1 and ξ' 2 defined by
Then, Eqs. (25) and (26) 
The rescaled model equations involve only two parameters, L 2,0 and g. For the sake of readability, we next drop the primes. Subsequently, we write out the terms in Eqs. (28) and (29), and in doing so obtain Eqs. (11) and (12) mentioned in the main text.
Appendix B
We can estimate g and L 2,0 on the basis of LoprestiGoodman et al.'s (2009) experimental observations of α c,1 and α c,2 . To this end, we transform Eq. (13) of Frank et al. (2009) . Equation (13) 
As explained in detail in Frank et al. (2009) , a natural choice for the parameter l 1,0 occurring in Eqs. (30) and (31) 
We add Eqs. (32) and (33), which gives us
ð34Þ Consequently, we can compute L 2,0 from α c,1 and α c,2 :
Next, we substitute Eq. (35) into Eq. (33):
) a c;2 1 þ g ð Þ¼g þ a c;1 þ a c;2 À 1:
We collect all terms involving the parameter g on the left side of the equal sign, and thus obtain a c;2 þ ga c;2 À g ¼ a c;1 þ a c;2 À 1 ) g a c;2 À 1 À Á ¼ a c;1 À 1 ð37Þ which leads to our final result g ¼ a c;1 À 1 a c;2 À 1 ¼ 1 À a c;1 1 À a c;2 : ð38Þ
In our study, we use Eqs. (35) and (38) to estimate the model parameters g and L 2,0 from the observed α c values.
